

DEPARTMENT OF THE ARMY 

HEADQUARTERS UNITED STATES ARMY MATERIEL. COMMAND 
WASHINGTON, D.C. 20315 

AMCSS-lF 2 February 1967 


National Aeronautics and Space Administration 
400 Maryland Avenue, S»W, 

Washington, D, C* 


Dear Sir! 

The inclosed letter from Department of Commerce, Clearinghouse 
for Federal Scientific and Technical Information, is forwarded as a 
matter pertinent to your Administration t 



Ltr FSCI-45, 410,8l/l,27Gl Chief, Intelligence Division 

1/27/67 (J Security Office 


Copy Furnished: 

CFSTI , ATTN: Mrs* R, Graham 






U.S. DEPARTMENT OF COMMERCE 
NATIONAL BUREAU OF STANDARDS 
INSTITUTE FOR APPLIED TECHNOLOGY 


CLEARINGHOUSE FOR FEDERAL ) 

SCIENTIFIC AND TECHNICAL INFORMATION/ 
SPRINGFIELD, VIRGINIA UI5t — ^ 


January 27, 1967 


U S ARMY MATERIEL COMMAND 
ATTNt AMC SS IF 

Mrs . Zimmerman in your reply 

Washington D C 20315 refer to file no. 

410-81/X.27G1 


Dear Mrs”. Zimmermans 

The Clearinghouse, for Federal Scientific and Technical Information 
is authorized under' Public Law 776, 81st Congress, to collect and 
distribute unclassified reports resulting from Government -sponsored 
research to the scientific and industrial public. 

We have recently received requests for the document identified below. 
We would appreciate receiving a clear, preferably first-generation, 
copy since photoduplication will be required for further distribution. 

If distribution of the document is limited, its review for public 
release would be desirable. 


Sincerely yours, 



'a 

Bo W Thott 

Chief , Input Section 





INVESTIGATION OF HEAT TRANSFER AND HIGH HEAT FHJX. 

Contract W 04 200 ord 455, Jet Propulsion Lab, C I T, 
by F. Kreit and M* Summerfield. 

JPL progress report 4-95 AT 1-63 763 


Permission to include this report in our collection for sale to the 
general public and foreign nationals will be verified by your signature 
below. Please return this copy to our office . 


Date 


S ignature 
Typed name_ 


Title or office symbol 



rCFSTI 

JAN 2 01967 

received 

SMUFA- L3300 1st hxd Mr. G. E. Negler/aoj/6ll 1 

SUBJECT-': Request For Contractor Prepared Reports 

Department of the Army, Frankford Arsenal 
Philadelphia, Pa., 19137,* 18 January 1967 

TO: CFSTI, Dept, of Commerce, Springfield, Va, 22151 

ATTN: Mr. Bo Thott, Input Sect. 

Report requested in yo.ur letter of 21 December 1966 is not a Frankford 
Arsenal report. It is suggested you contact the Jet Propulsion Laboratory, 
Pasadena, Calif. , to determine who the sponsoring military activity was 
for Contract W-04-200-ORD-455. If we can be of further assistance* 
please advise. 

FOR THE COMMANDER: 




ITr ■'")■ 
V?8f 0 S 'AAl 

cgv;.o> M 



ORDCIT Project 

Contract No. W-04-200-OKD-455 
ORDNANCE DEPARTMENT 





Progress Report No. 4-55 


INVESTIGATION OF HEAT TRANSFER AT HIGH HEAT FLUX: 
EXPERIMENTAL STUDY OF NEAT TRANSFER AND FRICTION DROP 
WITH n-BUTYL ALCOHOL IN AN ELECTRICALLY HEATED TUBE 

Frank Kreith 
Martin Sumerfield 


Nathaniel Van Us Verg, Chief V 
Liquid Rockets Section 




Martin Sasznsrfield, Chief 
Rockets ami Materials Division 



Copy No. 


' .. VjET PROPULSION LABORATORY - 
California Institute of Technology . _ 
' Pasadena, California 


May 17, 1949 ; 



JPL 


Progress Report No* 4-35 


TABLE OF. CONTENTS' , 

Phge 

■ I. Introduction and Stcm&ry '.»***.#*** + X 

II. ' < Experimental Technique * i 1 

ni t Ecpcrirontel Results * 2 

A* Hem t Trens for With Surface Boiling ....... #*>• 3 

B. Heat Transfer by Forced Connection Without Surface Boiling .««-**» 5 

C Frictieeul Pressure Efcop With Heat Transfer .*♦*.*.* 6 

IV. Conclusions . 8 

Tables . * , . 10 

Figures * 17 

References - . * » 24 

appendix » t * ........... 27 

LIST OF TABLES 

I. Nomenclature *..'*10 

II. Heat-Transfer and Frictional Pressure-Loss Data for Testa 

in Surface Boiling Regime . . * * 11 

HI. I feat -Transfer and Friction Chtm for Tests 

Without Surface lolling * , - *14 

IV. Data for Pressure Droo in Isothermal Flos 1( 


Page tii 


Progress Report Ab, 4*95 ■ 


JPL 


LIST OF FIGURES 

Page 

1. Schematic Line Diagram for Study of Pressure Fluctuations • • /. . 17 

2. Heat Flux vs Temperature Potential for n-Butyl Alcohol 

at Various Floor Rates *.17 

3. Constancy of Heat-Transfer Surface Temperature with 

Increasing Balk Temperature • •..*•••• ••••••-•••18 

4. Excess Temperature vs Pressure at Various Heat Fluxes with 

Surface Boiling . . . . . 18 

5. Excess Temperature of Surface Boiling vs Heat Flux for n -Butyl 

Alcohol and Water ........19 

6. Correlation of Chta for Heat Transfer by Forced Convection 

Without Surface Boiling . ........ ••••••••••••19 

7. Boiling Temperature vs Pressure for n -Butyl Alcohol and W«ter ........ 20 

8. Specific feat vs Temperature for n-Bbtyl Alcohol 20 

9. Density vs Temperature for n-Ebtyl Alcohol 21 

10. Absolute Viscosity vs Temperature for n-Butyl Alcohol 21 

11. Isothermal Friction Coefficient vs Reynolds Number ' 22 

12. Effect of Heat Flux on Frictional Pressure Loss 41 ft/sec) 22 

13. Effect of Heat Flux on Frictional Pressure Loss (v gt 32 ft/sec) 23 

14. ' Effect of Heat Flux on Frictional Pressure Loss (x> e , 23 ft/sec) 23 

15. Ratio of Heat-Transfer (Nonboiling) Friction Coefficient to 

Isothermal Friction Coefficient vs Ratio of Viscosity at Bulk 

Temperature to Viscosity at Wall Temperature 23 

A^l. Unetched Cross Section Through Crack of Stainless -Steel Tube . .... , . . . 27 

A-2. Cross Section Through Crack of Stainless-Steel Tube 

After Annealing and Etching . ..27 


Page iv 



JPl 


Progress Report No, 4-95 


I. INTRODUCTION AND SUMMARY 

'^Heat-transfer and friction coefficients have been obtained experimentally for 
n-butyl alcohol flowing upward in an. electrically heated-stain leas -steel t ube/ (approx- 
0rS~inT'“ID 'an'd"17v5‘'xnr. long) .WThe data extend over a heat-flux range' from 0.2 to 
2.6 Btu/aq in. aec in the pressure range from 30 to 250 psia at velocities from 20 to 
40 ft/oec. 

The results of the experiments indicate that the heat-transfer characteristics of 
the n-butyl alcohol in the surface boiling regies are similar to those' observed with 
water i (Gf.^Refv—TH When the heat- transfer surface teeperature exceeds the boiling 
point of the liquid, the heat flux can be increased, *nd the velocity as well ss the 
bulk temperature varied, without changing the surface temperature appreciably. The 
temperature of the surface-to-liquid interface in the surface boiling regime is 
determined primarily by the pressure on the liquid. 

In the pure forced convection regime, the data agree closely with the results 
obtained from aniline tests (Cf. Ref. 2). In this regime) the heat-transfer coefficient* 
can be predicted by 

Pr 0 - 33 (1) 

Because the vapor pressure curve for n-butyl alcohol closely resembles that of 
water, and its viscosity is' similar to that of aniline, the result* presented in this 
report are in agreement with conclusions drawn by the authors os a result of previous 
experiments on heat transfer to liquids at high heat fluxes (Cf. Refs. 1 and 2). 

In a majority of the. tests the effect of heat transfer upon the frictional 
pressure drop was studied. It was found that the frictional pressure ' jss decreases 
(for & given flow rate of coolant) with ar increase in heat flux. This decrease 
continues until boiling begins adjacent to the heat- transfer surface. After surface 
boiling has begun, the pressure loss increases edth any increase in heat flux. 

No burnouts (such as had been encountered when water was used as the coolant) 
occurred in the tests with n-butyl alcohol. However, in several tests at heat fluxes 
above 2 Btu/sq in. sec, the stainless-steel tubular test sections developed almost 
invisible longitudinal cracks. These cracks are believed to have been caused by metal 
fatique (possibly because of vibrations induced by the growth and collapse of bubbles 
within the test section) . Aa analysis of the pressure fluctuation in the test section 
has. shown that vibrations at high heat fluxes occurred at a frequency of about 2500 
cy e/sec. The magnitude of the fluctuations could not be ascertained because of limita- 
tions in the response characteristics of the pressure pickup element. 

II. EXPERIMENTAL TECHNIQUE 

The over-all setup which was used in the experiments has been described in detail 
in a previous report (Cf. Ref. .1). The test section consists of a stainless -steel tube 
0. 528 inch ID. A heavy copper flange is silver-soldered to each end of this tube. 


•The noaenclatnre used in this report ia given in Table I. 
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Heating was accomplished by means of electric current which passed longitudinally 
through the walls of the tube, whose heated length was 17.5 inches. The test section 
was mounter in a vertical position, and the coolant entered at the lower end of the 
tube. By means of thermocouples and thermometers inmersed in the liquid, the bulk 
temperature of the liquid was measured as it entered the tube and *a it left the tube. 
The temperature rise of the liquid as it passed through the tube was measured inde- 
pendently by a differential thermocouple. The pressure existing in the tube during a 
test was determined by means of a Bourdon -type gage. The frictional pressure drop of 
the liquid flowing through the teat section was measured by roean3 of a differential 
manometer (in edditicn to the Barton meters described in Ref. 1). The flow rate of the 
liquid was determined by a double -or if ice flowmeter. The total electric power consumed 
and the voltage and current were measured during each test. The temperature of the 
outer tube wall was determined by means of thermocouple*. The tender* tare at the inner 
wall of an electrically Heated tube of given configuration can be calculated from the 
measurements of the voltage drop and of the outer wall temperature. The equations are 
derived in Reference 1, which also gives a detailed description of this technique. 

During tests with n-butyl alcohol, it was found that the thermocoup’e elements 
were loosened from the outer surface of the test section (to which they had been butt- 
welded) by severe vibration which was present. This difficulty was eliminated by 
bending the ends of the thermocouple element* (wires) and welding this bent-over 
portion (about 1/16 in. long) tc the tube wall. 

The temperatures recorded by thermocouples of both types (butt-welded and flat- 
welded) were compared under similar conditions of flow and heat flux, and found to 
agree within the accuracy of the recording potentiometer. 

An attempt was made to determine the frequency and amplitude of pressure fluctua- 
tions which were observed in tests at high heat fluxes. For this analysis, two Wiancko 
pressure pickups were installed as shown schematically in Figure 1. One ,of the gages 
measured the liquid pressure in the tube, and the other gage was connected as a 
differential pressure meter. The Wiancko systems have a linear response up to 500 
cyc/sec, and the carrier is able to handle frequencies up to 3000 cy c/sec. T he pres- 
sures were recorded on the tape of a Miller oscillograph. Inaddition, a sound analyzer 
was placed in the vicinity of the test section-, and the amplitude of the noise level 
was determined at frequencies up to 5000 cyc/sec. 

The technique used in the reduction of the data has been described in detail in 
Reference 1. The n-butyl alcohol did not form a* deposit on the heating surface, and 
the measurements of, the wall tenperature were reproducible within ±10°F under similar 
conditions of flow, heat flux, and pressure. The heat balances between the electrical 
power input and the thermal power output agreed within 2 per cent in the majority of 
the tests; in no case jdid the. deviation exceed 3 per cent. It is estimated that the 
accuracy of the experimental heat- transfer coefficients is within ±5 per cent. 

The friction coefficients under isothermal conditions agreed within 2 per cent 
with literature data for smooth tubes (Cf. Refs. 3 and 4). The measurements of 
frictional pressure loss with heat transfer were reproducible within ±3 per cent for 
similar conditions of heat flux, bulk temperature, flow rate, and pressure. 

III. EXPERIMENTAL. RESULTS . 

The investigation of heat transfer at high heat' flux^was continued after the 
coiipleticn of the aniline tests (Cf. Ref. 2) with n-butyl; alcohol as' the coolant. This 
alcohol was selected because its viscosity characteristics are similar to those of 
aniline, whereas its vapor pressure curve resembles that of water (Cf. Ref.. 1). The 
n-butyl alcohol used in these tests was specially purchased for the heat-transfer tests 
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and was 99.5 per cent pure. The results which were obtained from the study of beat 
transfer and frictional pressure loss ton-butyl alcohol are discussed in this sectioa. 

A. Heat Transfer With Surface -Boiling 

A summary of the results of the heat-transfer tests with n-butyl alcohol it 
presented in Figure 2.* The curves show (for an average fluid bulk temperature of 95°F) 
the temperature potential necessary for the removal of heat fluxes up to 3 Btu/sq in. 
sec, at pressures of 50, 100, and 200 psia, and for entrance velocities of about 20, 
30, and 40 ft/sec. An inspection of the curves in Figure 2 shows that,when the surface 
temperature exceeds the boiling point of the alcohol, (a) substantial increases in 
heat flux result in only minor increases in the temperature of the heat transfer- to* 
liquid surface interface, and (b) the temperature of the heat-transfer surface is 
insensitive to variations of the coolant velocity in the surface boiling regime. 

IXiring one test in the surface boiling regime, the influence of bulk tenperature 
upon the temperature of the heat- transfer surface was investigated (Cf. Fig. 3). The 
n-butyl alcohol was circulated at a constant flow rate and at constant pressure, but 
without being passed through the heat exchanger. This procedure resulted in the bulk 
tenperature of the liquid increasing fresn a value of 100°F to a value which was higher 
than 200°F. The wall-to-liquid interface tenperature was unaffected by this increase 
in the bulk temperati>»-« of the liquid and remained constant at 386°F, thus proving 
that in the surface boiling regime the tenperature of the interface between the liquid 
and the heat-transfer surface is insensitive to changes in bulk temperature. 

In Reference 1, the results of the experiments on heat transfer to water, with 
surface boiling, were correlated by plotting the excess temperature against pressure 
for constant heat fluxes. The excess tenperature was defined as the temperature 
'• difference between the wall-to-liquid interface and the boiling point at the pressure 
of the liquid during the test. The -suits of the tests with n-butyl alcohol are 
presented in the same form in Figure 4, where the excess temperature is plotted 
against pressure for various heat fluxes. During these tests, the flow rate of the 
n-butyl alcohol was held constant at 3.85 lb/sec. It can be seen that the excess 
tenperature required to remove a given heat flux at a constant bulk tenperature de- 
creases as the pressure increases; A corresponding relationship between excess 
tenperature and pressure exists for water; however, the curves for water have a steeper 
negative slope than do those for the n-fcutyl alcohol. A further comparison of the 
results obtained from tests using n-butyl alcohol as a coolant with results obtained- 
from tests using water as a coolant is presented in Figure 5. In this Figure the 
-excess temperatures (from Fig. 4) are plotted against heat flux for constant pressures 
(1Q0 and 25 psia); the results obtained in tests with water at corresponding pressures 
are superimposed on the satre graph. An inspection of Figure 5 shows that the general 
*. ^trends' of the curves for the n-butyl alcohol agree with trends of the curves for water. 
However, for the removal of the same heat flux, the n-butyl alcohol requires an excess 
tenperature which is about 25°F higher than that required when water is used as the 
coolant. The test sections used for both liquids were of similar dimensions, and the 
Reynolds nunber (evaluated at the bulk temperature) was about 75,000 for both liquids. 
A bulk temperature of about 100 °F was used during the tests with both of the liquids. 

The qualitative remarks presented next are pertinent to the proper use and 
interpretation of the data on heat transfer with surface boiling. Because the bulk 


*The basic data from the teitaare given in Tables II and III with important 
Calculated results. 
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temperature was nearly constant during the tests, the degree of subcooling of the bulk 
of the liquid was not the sac® in tests at different pressures. Even though the bulk 
tempera ture or degree of subcooling has no effect upon the wall temperature in the 
fully developed surface boiling regime, the point of transition from the pure forced 
convecticn regime to the surface boiling regies is dependent upon the bulk temperature 
and pressure of the liquid. Thus, at a higher bulk temperature, the transition will 
occur at a lower heat flux, and rice versa. The heat flux at transition can be 
calculated for a given bulk temperature and pressure by the following equations: 

(iWtrmt. - 0.034 $■ Rc°-*° Pr 0 - 33 tH °' l ° (T s - T e ) for n-batyl alcohol (2) 

U LLg 

V O.U 

(l/ A )trmu. - 0.027 IRc 0 -* 0 Pr°- 33 iz (T s - T f ) for »atcr (3) 

U A*f 

Before using the curves applicable only to heat transfer with surface boiling, it is 
necp-sary to determine first whether or not the surface temperature (for the pressure, 
flow conditions, and heat flux under consideration) exceeds the boiling temperature 
7]g of the coolant. 

It has been shewn (C£. Refs. 2 and 5) that the exact point of transition from 
forced convection heat transfer to surface boiling heat transfer is influenced by the 
amount of dissolved gases or impurities in the liquid. When a degassed liquid is used 
ts the coolant, the surface temperature may exceed the boiling point by as much as 
20°F before bubbles begin to form. On the other hand, if a large amount of gas is 
dissolved in the coolant, bubble formation nay occur at a surface temperature below 
the saturation temperature. For this reason, the curves of Figure 5 are not extended 
to excess temperatures of less than 10°F. 

In previous tests with water, the heat flux that could be removed by forced 
convection with surface boiling was limited by burnouts of the tube. It is believed 
that these burnouts were caused by flow instabilities due to growth and collapse of 
vapor bubbles. No burnouts (such as had been encountered when water was used as the 
coolant) occurred in the testa with n-butyl alcohol. However, during several tests at 
heat fluxes above 2 Btu/sq in. sec, the stainless-steel tubular test section developed 
almost invisible longitudinal cracks. These cracks are believed to have been caused by 
oetal fatigue, possibly because of vibrations induced by the growth and collapse of 
bubbles within the test section. A detailed discussion of the appearance of these 
cracks is presented in the appendix. 

During the test at high heat fluxes, a loud whining noise was heard. It was 
believed possible that pressure fluctuations in the heater tube were the source of 
this noise. In order to analyze these fluctuations, the Wiancko pressure pickups 
(shown schematically in Fig. 1) were installed and the pressure fluctuations picked 
up by the Wiancko gages were recorded on the tape of a Miller oscillograph. An 
analysis of these records has shown that vibrations at high heat flux occurred at a . 
frequency of about 2500 cyc/sec. The magnitude of the pressure fluctuations could not 
be ascertained because of limitations in the response characteristic of the pressure 
pickup element. Aidibly, the highest noise level existed at about 2 Btu/sq in. sec and 
decreased with changes in heat flux, in either direction. The noise level was measured 
at various frequencies by a noise primer which was located about 3 feet from the. test 
section. The results obtained with the noise pr * r were qualitatively in agreement 
with the pressure measurements and audible observations.' 
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B. Heat Transfer by Forced Convection Without Surface Boiling 

The heat- transfer data for the tests in which the liquid -to -surface tenure ture 
remained below the boiling point of the alcohol are shown in Figure 6 and Table III. 
The data which were obtained in the pure forced convection regime are plotted in 
Figure 6 as the dimensionless modulus M j/(fle 0 * 80 Pr 0,33 ) vs the ratio of viscosity at 
the built temperature to viscosity at the tenperature of the heat-transfer surface. This 
type of presentation was chosen because, at the high heat fluxes used in the experi- 
ments, a steep temperature gradient exists adjacent to the heat- transfer surface. Hiis 
temperature gradient causes a sharp decrease in the viscosity of the liquid near the 
wall, compared with the viscosity of the bulk of the liquid, and it is known from 
previous investigations (Cf. Refs. 6, 7, and 8) that the variation in viscosity has 
considerable influence on the heat- transfer process. The experimental data for the 
n-butyl alcohol cay be correlated by Equation (1) 

JVu - 0.03k R*°' 8Q Pr°' 33 

The data for watei^and aniline previously obtained (Cf. Refs. 1 and 2) are also 
shown in Figure 6. It can be seen that the results from the tests with n-butyl alcohol 
agree closely with those obtained from earlier tests with aniline as the coolant. 
However, heat-transfer coefficients'- for both these liquids are from 15 to 25 per cent 
higher than would be predicted from the conventional Sieder and Tate equation (Cf. 
Ref. 6), which is . 

Na . 0.027 Pr°-» (tif/p,) 0 -** (4) 

Equation (4) was found to be in good agreement with results obtained when water was 
used as the coolant. 

Ihe correlation of the' forced convection data for n-butyl alcohol and aniline was 
^subject to -uncertainties because no precise data for the physical properties of these 
liquids were available for the full ranges of temperature 'and pressure covered in the 
experiments. In particular, there exists considerable uncertainty regarding the thermal 
conductivity of these liquids. Therefore, in reducing the data for the aniline and 
n -butyl alcohol, the thermal conductivities K were assumed to be independent of 
temperature. The values used are as follows: 

For aniline, K ° 0.1 Btu/sq ft hr °F/ft (Cf. Ref. 9) 

For n„- butyl alcohol, K « 0.095 Btu/sq ft hr °F/ft (Cf. vol 5, p. 228, of Ref. 10) 

Values for- the vapor pressure, specific heat, density, and viscosity of the n-butyl 
alcohol were taken from Reference 10 (Cf . , respectively, p. 219 of vol 3, p. 108 of 
vol 5, pp. 27 to 33 of vol 3, and p. 215 of vol 7). Ihe temperature range covered in 
the. experiments exceeded the range for which data on the viscosity of the alcohol ware : 
. available. The viscosity at higher temperatures was calculated by a technique described 
by Othmer (Cf. 'Ref. 11). The physical properties which were actually used in the 
reduction of data are plotted as a function of teBperature in Figures 7, 8, 9, and 10. . 
When more reliable data for the physical properties of aniline and n-butyl alcohol 
become available, the results of the feat- transfer tests can be re-evaluated. A single' 
coefficient in Equations (1) and (4) may' then correlate the results for all liquids. 

, It- is .interesting to- note (Cf. Fig. 2) that the maximum -heat flux that .can be 
removed -by pure forced convection with liquid n-butyl alcohol *iat a velocity of ; .24 
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it/sec is about 1*15 Btu/sq in. sec. (More than twice this heat flux has been removed 
‘vith surface boiling.) At this heat flux the surface temperature reaches the critical 
temperature. In general, the thermal conductivity of a fluid in the gaseous state is 
very much smaller (about one- tenth) than the conductivity of the same fluid in the 
liquid state. Therefore, at the sane mass flow rate of fluid, less heat can be removed 
at the same temperature potential when the coolant is a fluid in the gaseous state. 
Hydrogen may be an exception because its thermal conductivity in the gaseous state 
is higher than the conductivity of most liquids (Cf, p. 391 of Ref. 12). At this 
time no infonration is available regarding the variation of physical properties of such 
fluids at or near the critical point. Therefore it is not safe to extrapolate t!»e 
curves of Figure 2 to temperatures and pressures higher than critical. However, it is 
believed that the forced convection equation (Bq. 1) may be applied at pressures and 
tenperatures above critical when correct values for the physical properties are used 
in the dimensionless moduli. 

At the outset of the experiments, it was hoped that the experimental Nusselt modun 
could be compared with those calculated from a semi theoretical analogy between heat 
transfer and momentum transfer by Bcelter,.Martineili, and Jonassen (Cf. Ref. ,13). 
These investigators arrived at a semi theoretical equation for the calculation of the 
Nusselt modulus at a severe temperature gradient. The equation (based on experimental 
data) assumes that the thickness of the laminar. boundary layer decreases under. high, 
therrral gradients, and relates this variation in thickness of the laminar layer to the 
Reynolds number and the ratio of the viscosity at the bulk tenperature to the viscosity 
at the edge of the laminar boundary layer. This comparison has bee postponed because 
it was believed that the possible error in the Nusselt modulus (due to the uncertainty 
in the value of the thermal conductivity) would be of such a magnitude that no 
positive conclusion could be drawn.. Ala o, it is believed that, in order tc obtain 
data for such a comparison, a test section of higher aspect ratio ( L/D ) should be used 
so that entrance and exit effects could be eliminated. 

C. Frictional Pressure Drop With Heat Transfer . • • 

The results of previous experiments have shewn that the frictional pressure loss 
(for a given flew rate of liquid) decreases when heat is transferred to the liquid. 
Data have been reported for frieticn coefficients with heat transfer by forced convec- 
tion without surface boiling (Cf. Refs. 1, 6, and 11). In the surface boiling regime, 
on the other hand, the frictional pressure drop with heat transfer has not been 
studied extensively, and the test results which have been obtained do not even agree 
qualitatively. In order to clear up these uncertainties, the frictional pressure drop 
of n-butyl alcohol flowing in the stainless-steel heater tube was measured under 
isothermal and heat-transfer conditions. 

The data on frictional pressure loss in isothermal flow are tabulated (Cf. 
Table IV) and plotted as Cp vs fie (Cf. Fig. 11). The accuracy of the pressure-drop 
measurements was checked by comparing the results with published data on friction 
coefficients in smooth tubes. (Cf. Refs. 3 and 4). The experimental friction coeffi- 
cients agreed with the accepted values within 2 per cent. 

The influence of heat transfer upon the frictional pressure loss waa observed in 
several series of tests. During each- series the heat 'flux was increased stepwise from 
0 to 2.6 Btu/sq in, sec, while the- flow rate. and liquid pressure were held constant/ 
The heat-flux range spanned the pure forced convection regime and extended well into 
the -regime pf surface boiling.^The effect of heat transfer 1 upon the frictional pres- 
sure drop is illustrated in FigureM2. In this Figure the frictional pressure loss is 
plotted, against heat flux for. a constant, mass flow rate of 3.85 Ib/sec at four 



JPL 


Progress Report No. 4~95 


different pressures (30, 50, 100, and 200 psia). From an inspection of these curves it 
can be seen that the frictional pressure loss initially decreases (for a given flow 
rate of coolant) with an increase in heat flux, This decrease continues until boiling 
begins adjacent to the heat -transfer surface. After surface boiling has begun, the 
pressure loss increases with any increase in heat flux. 

For given conditions of flow, heat flux, and bulk temperature, the liquid pressure 
has no influence on the frictional pressure drop in the pure forced convection regime. 
However, in the surface boiling regime the frictional pressure loss (at the same heat 
flux, bulk temperature, and flow rate) increases with a decrease in pressure. This 
result appears reasonable since (at the same flow rate, bulk temperature, *nd heat 
'flux) boiling is more vigorous at lower pressure. It should be noted that, even at the 
lowest pressure and highest heat flux used during the tests, the frictional pressure 
loss did not exceed the isothermal value at the same liquid flow rate. 

ihe discussion thus far in this section applies also to the phenomena which were 
observed at lower coolant flow rates. The curves of Figures 13 and 14 show the results 
of tests on the effect of heat flux upon the frictional pressure drop at mass flow 
rates of 3 and 2.2 lb/sec, respectively. 

The results shown in Figures 12, 13, and 14 do not agree with measurements of the 
pressure loss in flow of coolant water through an annular test section under conditions 
of heat transfer with surface boiling (Cf. Refs. 14 and 15). In Reference 14 mention 
is made of increases in pressure loss under conditions of heat transfer with surface 
boiling as high as sixteen times the maximum value of the isothermal pressure loss at 
- the same flow rate. Knowles (Cf. Ref. 15) reported negative pressure losses* in flow 
of water through an annulus at high heat fluxes with surface boiling. The reason for 
the discrepancy between the results obtained at this Laboratory and those reported by 
other investigators is not known. 

In the regime of forced convection heat transfer without surface boiling, the 
friction coefficient is dependent upon the Reynolds number, the wall temperature, and 
the Prandtl number 

\ 

C F = 0 (He, T r Pr) (5) 

Since the tenperature of the liquid adjacent to the wall is above the temperature of 
the bulk of the liquid, the viscosity adjacent to the wall is less than in the center 
of the tube. Thus with heat transfer the tractive forces along the wall are decreased; 
consequently the value of the friction coefficient is lower than it would be under 
isothermal flow conditions at the s r~e bulk Reynolds number. This fact is shown in 
Figure 15 where the ratio of isothermal to heat- transfer friction coefficients is 
plotted as a function of the ratio of viscosity at bulk temperature to viscosity at 
the wall temperature. The results of previous tests with water (Cf. Ref. 1) are also 
plotted on the same graph. An inspection of the curves shows that an increase in heat 
flux (which corresponds to a higher viscosity ratio) results in a decrease of the 
friction coefficient. 

The results of previous work (Cf. Refs. 1, 6, and 16) have indicated that the 
friction coefficient with heat transfer can be related to the isothermal friction 


•In some cases Knowles observed outlet pressures which were higher -than -the inlet 
pressures. 
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coefficient at the se^a bulk Reynold* mister by 

( 6 ) 

This relationship was found to be a satisfactory approx bastion up to riscosity ratios 
of about 3, regardless of the Reynolds number. However, at higher heat fluxes the 
ratio of the friction coefficients is larger than would be predicted by Equation (6). 
Furthermore, at the same viscosity ratio the ratio of the friction coefficients is 
larger for lever Reynolds numbers. 

Attests t*. irrelate these experimental results by means of theoretical con- 
siderations have not been successful. Work in this direction should be continued 
because any attests to find an analogy between heat transfer and momentum transfer 
must use a correct value of the friction coefficient as a stepping atone. 

The results of the tests described hare been applied to calculations of the 
frictional pressure loss in annular cooling channels of a rocket motor. Since only one 
side is heated during firing, the decrease in friction drop due to heat transfer 
should be only half the value observed in a circular-flow conduit with uniform heating. 
Based upon this assumption, the frictional pressure drop was calculated (from the 
experimental data presented in Fig. 15) for several rocket motor tests. The experi- 
mental and calculated frictional pressure drops were in agreement.' 

IV. CONCLUSIONS 

Experimental data hare been obtained on heat transfer fr<m a stain less -steel tube 
to n-butyl alcohol in the heat- flux range from 0.2 to 2.6 Btu/sq in. sec over a pres- 
sure range from 30 to 250 psia for velocities from 20 to 40 ft/sec. The results of 
these tests (sumuarized in Fig. 1) permit the determination of the surface tenperature 
necessary for the removal of a given heat flux in the forced convection and boiling 
regimes. 

The temperature of the heat- transfer surface (when it exceeds the boiling 
temperature of the liquid) is insensitive to changes in velocity, heat flux, and bulk 
teeperature. In the surface boiling regime the pressure of the liquid determines the 
surface teeperature. 

The excess temperature required for the removal of a given heat flux decreases 
with increase in pressure for the range of variables covered. The maximum excess 
tenperature was less than 85°F during all tests. 

In the pure forced convection regime the results for n-butyl alcohol are cor- 
related within ±5 per cent by the following equation: 


e HT 


Pf_ 

t*W 


o.u 


Nu « 0,034 Re°- 80 Pr°< 33 

No burnouts of the heater tube were encountered in the tests with n-butyl alcohol. 
However, at high heat fluxes the stainless-steel tube failed because of almost in- 
visible cracks. It is believed that these cracks were caused by fatigue of the metal. 
Severe vibrations at a frequency- of about 2500 cyc/sec were found to exist in tests at 
heat, fluxes above 2 Btu/sq in. sec. . . 

Ihe frictional pressure loss decreases (for a given flow rate of coolant liquid) 
with an increase in heat flux. A'f^er surface boiling has begun, the pressure loss 
increases with any increase in heat flux.. Even in the surface boiling regime the. 
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pressure loss with heat transfer was less than the isothermal pressure loss for the 
same mass flow rate. The friction coefficient for nonboiling heat-transfer conditions 
can be approximated from isothermal data by evaluating the friction coefficient at a 
Reynolds number based on a temperature equal to or slightly below the tenperature of 
the heat- transfer surface. It would be desirable to predict the heat- transfer friction 
coefficient from theoretical considerations; work along this line should be encouraged. 
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A 

c r 

c p 

D 

i 
h 
Aff 
K 
L 
A b 
P 
tP 
Pr 

? 

Re 

T 

AT 

v 

v 

M 

P 

Subscripts: 

e 

F 

XT 

in 

iso 

S 

W 

X 


TABLE I 

NOMENCLATURE 

ares (sq in.}. 

friction coefficient £ iff * (0/L) * (2 fiA* )]] ♦ 
specific heat (Btu/lb °F). 
diameter (in.). 

gravitational constant (ft/sec*), 
beet-transfer coefficient (Btu/sq i»- s«c °F). 
frictianl heed loss (ft of liquid), 
thermal ccodu^tirity (Btu/sq ft hr °F/ft). 

■ length (in.). 

Nusselt number ( hD/K ) • 43,200. 
pressure (pr.ia). 

frictional pressure loss [(in. Hg) - (in. liquid)] • 
Prandtl number ic^i/K) • 3600 g. 
heat flu* (Btq/sec). 

Reynolds number (vDp/fjg). • 
tenperatore (°F). 
outlet-inlet temperature (°F). 

Telocity (ft/sec), 
flow rate (Ib/sec). 
viscosity (lb sec/sq ft), 
density (lb/cu ft). 


entrance. 

bulk of fluid. 

heat transfer. 

inlet. 

iaothenml 

saturation. 

wall. 

excess above saturation tenperature. 
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TABLE II 


HEAT -TRANSFER AND FRICTIONAL PRESSURE -LOSS DATA FOR 
TESTS IN SURFACE BOILING REGIME 


Test 

No. 

B 

Tin 

A T 

o/A _ 

B 

B 

B 

AP 

Electrical* | 


1 

3.84 

93 

__ 

■ 

.. 

68 

371 

B 


2 

3.b5- 

78 

22.5 

■ 

1.59 

200 

451 

KB 


3 

3.85 

80 

16.4 

1.17 

1.15 

50 

348 

B*fl 


4 

3.85 

86 

23.5 

1.66 

1.68 

50 

351 

o 


5 

3.86 

- 75 

23.4 

1.63 

1.68 . 

200 

450 

25 


6 

3. 85 

86 

-- 

2.17 

— 

200 

460 

35 


7 

3.84 

89 

29.7 

2.17 

2.13 

250 

482 

38 


8 

3.83 

103 

29.8 

2.23 

2.22 * 

205 

470 

43 


9 

3.84 

91 

23.1 

1.66 

1:67 

250 

470 

26 


10 

3. 84. 

98 

23.1 

1.69 

1.69 

197 

448 

24 


11 . 

3.83 

103 

23:5 

1.66 

1.74 

150 

. *32 

33' • 


12 

' 3.84 

90 

23.0 

1.67 

1.66 

254 

476 

29 


13 

3.89 

95 

23.7 

1.72 

1.73 

102 

407 

42 


14 

3.83 

99, 

24.1 

1.74 

1.77 

50 

370 

53 


. 15 

3.83 

101 

24.1 

1.74 

1.77 

29 

340 

56 


16 

3.84 

92 

35.3 

2.52 

2.58 

25$ 

489 

42 


17 

3.84 

96 

34.9 

2.59 - 

2.57 

200 

473 

48 


18 

3.85 - 

81 

22.2 

1.60 . 

1.58 

199 

457 

33 

5.83 

19 

3. 85 

86 

30.2 

2.17 

2.19 

200 

465 

41 

6.55 

20 - 

-3.84 

92 

33.5 

2.52 

2.45 

200 

472 

48 

7.26 

21 

3.85 

87 

16.. 

i 

1.16 

. 1.14 

100 

385 

22 

6.92 

22 

3.85 

87' 

24.0 

1.69 

1.72 

99 

405 

41 

7.20 

23 

3.85 

85 

31.1 

2.23 

2.24 

99 

418 

55 

7.91 

24 

3.85 

85 


' 0.79 

0.79 

50 

319 

2 

7.52 

25 * 

3.84 

87 

■ ! rf> 

1.19 

1.20 

50 

152 

35 

7.59 

26 

3.85 

87 

B r * 

1.72 

1.74 

50 

366 

49 

8.35 

27 

3.84 

89 


2.29 

2.28 

50 

383 

66 

9.36 

28 

3. 81 

79 

mi 9 

0.2 

0. 78 

30 

310 

25 

7.68 

29 

3.85 

85 

16.5 

1.17 

1.17 ' 

1 30 

327 

42 

8.35 

30 

2.22 

90 

14.7 

0.62 

0.62 

50 

318 

1 

2.83 


•q/A * (ki lova tts)/(S. 054 * 
** q /A « ( Cp » 
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TABLE .II (Gat'd) 


Test 

No. 

V 

T - 

A T 


fl 

B 

B 

AP 

Electrical* 

Thermal •• 

31 

2.22 

91 

10.7 

0.44 

0.45 

30 

•290 

5 

2.89 

32 

2.22 

90 

14.5 

0.64 

0.63 

30 

296 

11 

3.20 

33 

2.89 

94 

11.6 

0.63 

0.65 

30 

294 

9 

4.72 

34 

3.00 

90 

11.5 

0.64 

0.63 

30 

296 

11 

5.02 

35 

2.22 

87 

26.7 

1.12 

1.13 

199 

433 

9 

2.38 

36 

2.22 

90 

18.2 

0.74 

0.77 

100 

.370 

6 

2.62 

37 

2.22 

89 

27.2 

1.15 

1.16 

100 

392 

28 

2.95 . 

38 

2.22 

86 

18.8 

0.78 

0.79 

50 

328 

11 

3.10 

39 

2.22 

90 

27.2 

1.15 

1.18 

50 

349 

32 

3.54 

40 

2.22 

88 

19.0 

0.79 

0.80 

30 

300 

15 

3.51 

41 

2.22 

86 

28.4 

1.19 

1.19 

30 

323 

38 

3.94 

42 

3.00 

89 

20.2 

1.14 

1.14 

200 

434 

9 

3.96 

43 

3.00 

88 

20.0 

1.13 

1.16 

100 

376 

12 

4.64 

44 

3.00 

90 

14.0 

0.78 

0.78 

50 

320 

3 

5.01 

45 

3.00 

86 

20.7 

1.17 

1.18 

50 

350 

33 

5.51 

46 

3.00 

89 

1 14.0 

0. 78 

0.79 . 

30 

299 

14 

5.60 

47 

3.00 

88 

20.9 

1.18 

1.19 

30 

324 

39 

6.12 

48 

3.00 

90 

29.3 

1.66- 

1.64 

200 

456 

31 

4.30 

49 

3.00 

I 92 

1 29.4 

1.68 

1.70 

100 

403 

39 

5.13 

50 

3.00 

98 

30.1 • 

1.75 

. 1.70 

50 

372 

55 

5.66 

51 

2.27 

95 

P 39.1 

1.69 

1.70 ' 

100 

410 


3.36 

52 

2.23 

102 

39.6 

1.73 

1.74 

50 

377 


4.16 

53 

! 3.02 

91 

14.0 

0.7° 

o.ao 

30 

321 

36 

5.40 

54 

3.84 

99 

22.2 

1.67 

1.63 

100 

404 

40 

7.59 

55 

3.84 

! 92 

— 

1.79 

— 

100 

408 

44 

7.74 

56 

3.84 

94 

— 

1.19 

— 

I 100 

389 

25 

6.98 

57 

3.84 

97 

— 

1.72 

— 

100 


48 

7.64 

58 

3.84 

93 

— 

1.22 

— 

100 

384 

20 

7.00 

59 

3.84 

99 


1.70 

— 

100 

409 

45 

7.90 

60 

3.00 

95 

i 

i 

2.20 

1 

200 

470 

45 

4.88 


*q/A * (ki lowatts)/(1.0Si * 
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TABLE II (Coat’d) 


Test 

No. 

V 

T. 

*171 

AT 

q/A 

P 


h 

AP 

Electrical* 

Thermal** 

61 

3.00 

90 

39.0 

2.23 

2.24 

100 

420 

56 

5.78 

62 

2.22 

93 

51.1 

2.20 

2.20 

200 

473 

48 

3.27 

63 

2.22 

94 

51.4 

2.23 

2.24 

100 

417 

S3 

3.95 

64 

3.00 

95 

39.3 

2.26 

2.28 

50 

384 

67 

6.82 

65 

3.82 

103 

34.2 

2.54 

2.56 

200 

— 

— 

7.56 

66 

3.84 

89 

16.3 

1.17 

1.16 

200 

— 

— 

6.62 

67 

3.84 

90 | 

22.6 

1.64 

1.63 

200 

-- 

— 

6.42 

68 

3.84 

89 : 

23.1 

1.67 

1.66 

100 

— 


7.51 

69 

3.84 

98 : 

24.0 

1.69 

1.75 

50 

— 

— 

8.85 

70 

3.84 

99 j 

30.6 

2.27 

2.27 

50 

— 

— 

9.92 

7’ 

3.82 

101 

35.2 

2.63 

2.62 

50 

398 

81 

10.50 

72 

3.84 

90 | 

35.1 

2.60 

2.57 

100 

429 

65 

8.84 

73 

2.22 

® i 

59.4 

2.57 

2.56 

200 

477 

52 

3.65 


•q/A - (kilo»mtts}/(1.05* • A Igj). 

*•1/* • (c p . A Ti/iAnU 
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TABLE III 


— HEAT TRANS FE R AND FRICTION DATA 

Ar v q / A 1 TJ T r 

Electrical I Thermal 


FOR TESTS WITHOUT SURFA r.V 


86 
85 
87 
90 
97 

3.83 89 

3.84 97 
3.84 92 
2.79 93 
2.79 93 


2.79 94 
3.85 86 
3.85 87 
3. 85 88 
3.84 92 
3.84 89 


11 | 2.79 | 94 

12 

13 

14 

is 

16 

17. 3.84 | 90 

18. - 3.84 ] 94 
19 . 3.84' 


21' 3.84 89 

22 , 3.84 96 

23 3. 84 92 

24 3.04 90 

25 3.84 91 

26 3.84 93 

27 2.22 -92 

28 2.22 92 

29 2.22 90 

30 2:22 90 


14.9 
11.1 
16.5 
11.1 
3.1 

4.8 

6.8 

3.0 

4.0 

6.6 41.1 

3.1 41.0 

4.7 41.1 

6.6 41.1 
3.0 41.0 

4.7 41.0 
6.4 41.1 
5.3 23.7 
7.9 23.8 

10.7 23.8 
14.4 23.8 




298 

92 

3.74 

30; 

88 

3.59 

393 

95 

3.88 


* 93 

3.71 

314 

87 

3.48 

420 

100 

3.7 T 

225 

100 

3.66 

189 

98 

3,63 

224 

98 

2.59 

265 

100 

2.77 

375 

104 

2.91 

fWO 

94 

EMI 


98 , 

3.78 


96 

3.47 

263 

94.5 

3.07 

192 

92.5 

3.39 

228 

93.8 

3.52 

164 

96 

3.09 

191 

91.2 

3.35 

226 

94.8 

3.53 

157 

91.5 

3.27 

196 

99 

3.50 

228 

96.8 

3.60 

158 

91.8 

3.24 

191 

93.5 

3.40 

225 

97.5 

3.59 

191 

97 

2.28 

245 

95 

2.19 

290 

96 

2.33 


100 

2.48 


(/teaeojcyo.aa) 

x 10-2 


998 12.70 
970 4.00 


1002 12.13 
920 7. 06 



7.45 

0.0119 

6.28 


7.58 

fjwni 

10.78 

BRtTl 

10.02 

0.0161 

9.22 

0.0149 

10.84 

0.0174 

10.11 

0.0162 

9.28 

0.0149 

10.88 

0.0175 

10.01 

0.0160 

9.24 

10.84 


10.06 

0.0161 

9.30 

0.0149 

3.69 

0.0177 

3.22 

0.0154 

2.83 

0.0136 

2.40 

0.0115 
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TABLE III (CONT'DJ 


Test 

No . 

■ 

y \ 

J m 

A T 

V 

2 IA 

H 

■ 

■ 

Be p 

x icr 3 

Mi 

n 

hr 

/ A’u x 

A P 

C , 

f ht 

C f 
r iso 

C F 

*HT 

EUctrical 

Thermal 

x 10" s 

31 

2.22 

89 

5.1 


' 0.21 

0.21 

iff!] 

93 

2.21 

41.3 

586 

3.18 

3.93 

3.72 

0.0179 

1.27 

32 

2.22 

91 

7.4 


0.31 

0.31 


97 

2.36 

43.3 

626 

4.32 

4.10 ' 

3.35 

0.0161 


33 

2.22 

'87 

10.6 


0.43 

0.45 


96 

2.24 

42.8 

594 

7.00 

3.90 

2.82 

0.0136 

1.65 

•< 34 ' 

2.22 

93 

14.2 

23.8 

0.59 

0.60 

354 

102 

2.38 

46.0 

631 

E SB 

4.00 

2.48 

0.0119 

1.86 

35 

2.22 

92 

5. 1 

23.7 

0.21 

0.21 

190 

95 

2.23 

42.2 

571 

3.11 

3.78 

3.72 

6.0179 

1.26 

36 

2.22 

89 

7.5 

23.7 

0.31 

0.31 

238 

90 

2.12 

39.9 

562 

5.00 

3.83 

3.32 


1.43 

*37 

2.22 

94 

10.5 

23.8 

0.44 

0.47 

294 

98 

2.42 

43.8 

640 

6.72 

4.16 

2.88 

0.0138 

1.62 

38 

2.22 

90 

5. 1 

23.7 

0.21 

0.21 

191 

90 

2.12 

39.9 

562 

3.33 

3.83 

3.70 

0.0178 

1.29 

39 

2.22 

90 

7.8 

23.7 

0.32 

0.33 

242 

92 

2.19 

40.6 

560 

PTlSI 

3.92 

3.25 

0.0156 

1. 46 

40 

■ 3 , 84 . 

89 

8.7 

41.0 

0.62 

0.63 

261 

92 

3.72 

70.3 

986 

5.74 

4.30 

8.50 

0.0136 

1.47 

41 

3 . 85 ' 

86 

9.1 

41.0 

0.64 

0.64 

265 

90 

3.68 

69.1 

975 

6.04 

4.29 

8.36 

0.0134 

1.50 

42 

3.84 

Vi 

8.9 

41.0 

0.63 

■ 0.63 

264 

90 

3.62 

69.1 

960 

Ki&lIU 

4.22 

8.49 

0.0136 

1.48 

43 

3.84 

m 

8.7 

41. 1 

0.62 

0.63 

261 

■ 98 

3.86 

75.7 

1023 

5.32 

4.29 

8. 52 

0.0136 

1.45 

44 


E3 

3.2 

40.9 

0.21 

0.21 

149 

86 

3.40 

64.8 

901 

2. 19 

4. 10 

10.88 

0. 0175 

1.17 

45 

I* 9 

El 

IM 

41.0 

0.33 

0.37 

188 

88 

3.69 

66.9 

978 

3.32 

4,32 

9.98 

0.0161 


■46 ■’ 

HI 

92 

ESI 

41.0 

0.47 

0.47 

221 

92 

3.61 

70.2 

957 

4.25 

4.18 

9.25 

0.0149 


‘47 


87 

9.1 

41.0 

0.64 

0.63 

264 

89 

3.60 

67.6 

954 

6.13 

4.24 

8.34 

0. 0134 

K51 

48 

2.89 

95 

3.1 

30.9 

0.21 

0.21 

172 

95 

2.75 

54.0 

729 

2.55 

3.81 

6.05 

0.0171 

1] 

49 

2.89 

92 

6. 3 

30.9 

0.34 

0.33 

213 

92 

2.72 

52.9 

721 

3.98 

3.95 

5.51 

0.0156 


50 * 

2.89 

93 

8.5 

30.9 

0.45 

0.46 

257 

95 

2.82 

54.9 

747 

5.43 

4.01 

4.96 

0.0140 

1 il 

51 

2.89 

94 

11.5 

30.9 

0.62 

0.62 

310 

92 

2.83 

52.9 

750 

7.89 

4.11 

4.40 

0.0125 

1.71 

52 

3.00 

°2 

3.8 

32.0 

0.21 

0.21 

170 

91 

2.72 

53.9 

721 

2.65 

3.87 

6.72 

0.0177 

1.20 

53 

3.01 

87 

6.2 

32.0 

0.34 

0.34 

211 

89 

2.76 

52.7 

732 

4.07 

3.98 

6.09 

0.0161 

1.33 

54 

3.00 

88 

8.2 

32.0 

0.45 

0.46 

253 

90 

2.81 

53.9 

745 

5.56 

3.99 

5.48 

0.0145 

1. 47 

■ 55 

3.00 

92 

11.0 

32.1 

0.62 

0.62 

305 

96 

2.98 

57.0 

790 

7,30 

4.09 

4.85 

0.0130 

1.61 

56 

3.00 

91 

10.9 

32.1 

0.61 

0.61 

302 

94 

2.96 

*.4 

785 

7.35 

4.11 

4.89 

0. 0129 

1.64 

■57 

2.22 

94 

17.6 

23.9 

0.75 

0.76 

410 

108 

2.52 

49.9 

668 


4.07 

2.25 

0.0106 

2.05 

58 

3.00 

89 

13.6 

32.2 

0.76 

0.78 

353 

100 

3.08 

60.7 

816 


4.12 

ES3I 

0.0114 

1.81 
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TABLE IV 

DATA FOR PRESSURE DROP IN ISOTHERMAL FLOW 


Teat 

No. 

. 

Manometer 
Reading (in. Rg) 

» 

V 

Re* 

c r 

Left 

Ri^it 

, 

7.50 

6.05 

3.84 

'40.66 

54,970 

0.0222 

2 

4.95 

4.0 

3.07 

22.51 

43,950 

0.0229 

3 

2.84 

2.25 

2.23 

23.61 

31,920 

0.0247 

4 

1.90 

1.50 

1.78 

19.59 

25,600 

0.0255 

5 

2.80 

2.25 

2.23 

23.61 

31,920 

0.0245 

6 

'4.25 

3.45 

2.85 

30.18 

40,800 

0.0229 

7 

4.90 

3.95 

3.07 

32.51 

43,950 J 


6 

7.25 

5.98 

3.84 

40.66 

54,970 

0.0216 

£**• 

7.1 

5.95 

3.84 

40.66 

54,970 

0.0213 

10 

4.62 

3.9 

3.07 

32.51 

43,950 

-0.0218 

n 

2.63 

2.3 

2.22 

23.51 

31,790 

0.0241 

12 

1.75 

1.6 

1.78 

18.85 

25,485 

0.0255 

13 

4.15 

3.52 

2.85 

30.18 

40,800 

0.0228 

14 

2.65 

2.30 

2.22 

23.51 

31,790 

0.0242 

15 

1.75 

1.6 

1.78 

18.85 

25,485 


16 

4.72 

4.0 

3.07 

32.51 

43,950 - 

■ 

' 17 

7.1 

5.95 

3.84 

40.66 

54,970 

0.0213 


"Bulk temperature for *11 tests sti 7S°T. 

* "Tests 1 through 8 were cade January 28, 1949* 

"•"Tests 9 through 17 were *s«3e February 3, 1949, with s different tub# of 
siailar configuration. 
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Figure. '2. Heat Flux vs Tenders ture Potential for n-Butyl Alcohol st 
Various Flos Rates 
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° U Z Y i;, ALC0H0L FL0W,NG UPWARD IN STAINLESS -STEEL TUBE 
Q-587 in, ID AND 17.5 in. LONG 


AVERAGE FOR n -BUTYL ALCOHOL 


OBRIEN AND HICKOX 


{ Cf. Ref. 4 ) 


(CL Ref. 3) 


C = Ah 


0.265 Re 


* 5^000 80 000 

REYNOLDS NUMBER 

Figure 11. Isothermal Friction Coefficient ys Reynolds Number 

n- BUTYL ALCOHOL FLOWING UPWARD IN STAINLESS-STEEL TUBE 
0.587 in. ID AND 17.5 in. LONG 
v = 4 I ft/sec 

e a 200 psio 

— I 00 psio 

1 X 50 psio 

n r « 30 psio 

EL_L__ 

^TESTS 

-4-6 TESTS X ^ x 


warn 


* — ,v • 2.0 2 
HEAT' FLUX q/A ( Btu/sq in. sec) 

Figure 12. Effect of Heat Flux on -Frictional Pressure Loss 
<» e . 41 ft/sec) 
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n- BUTYL ALCOHOL FLOWING UPWARD IN STAINLESS- STEEL TUBE 
0.587 in. ID AND 17.5 in. LONG 



HEAT FLUX q/A (Btu/sq in. sec) 

Figure 13. Effect of Heat Flux on Frictional Pressure Los* 


(V 32 ft/sec) 



0.5 t.O 2X> 

HEAT FLUX q/A {B*u/sq in. sec) 

Figure 14. Effect of ttsat Flux on Frictional Pressure Loss (v gl 23 ft/sec) 



Figure -15. Ratio of Beat-Transfer (Nonboiling) Friction Coefficient to 
Isothermal Friction Coefficient vs Ratio-of Viscosity at 
-Bulk Temperature to Viscosity at Wall Tenperature 
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APPENDIX* 


Several lengths of stainless-steel tubing which had cracked during heat- transfer 
tests were examined for possible causes of the failure. No obvious fault of the 
material was indicated os a cause of the failure. 

The cracks in the wall of the stainless -steel tube (0.020-in. wall, 0.625 in. ED) 
were located in a longitudinal direction and were from 1/4 to 3/4 inch in length. The 
photomicrographs show a view of the cross section through a crack, unetched, at a 
magnification of 200 (Cf. Fig. A-l) and a longitudinal view at the same magnification 
after annealing and etching (Cf. Fig. A-2). Microhardness tests on polished surface® 
shewed hardness values corresponding to Rockwell C 35 to 40. The hardness of bard-drawn 
tubing falls within this range. 

The literature cites instances of similar failures caused by applied stresses 
canbined with high residual stresses and also of stress corrosion failures and fatigue 
failures. In the case of the stainless-steel tubes there is no evidence of stress 
corrosion failure. It is probeble that the failure was caused by fatigue or an applied 
stress in addition to a high residual stress. Since this tube had a thin wall and was 
not annealed, high residual stresses from fabrication were unquestionably present. A 
high applied thermal stress could have been the result of cooling the inside wall of 
the heated tube. A. fatigue failure could have been caused by cyclic stresses at m 
high frequency. 

The nuc restructure shows inclusions elongated in the direction of drawing. These 
inclusions are not unusually severe for this type of tubing, but lower the strength 
and ductility in the h^op stress direction. 

The most obvious remedy would be to anneal the tubing, thereby removing most of 
the residual stresses and increasing the ductility of the metal. This treatment would 
allow the tube to take up same of the thermal stresses without cracking. 


•Lawrence J. HuJl of thia Laboratory helped in the preparation of the appendix. 
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